Abstract. The present study was carried out to determine whether the mechanically activated cation channel Piezo1 protein plays a role as a signaling pathway which causes the apoptosis of human chondrocytes. The chondrocytes were isolated, cultured, and then subjected to mechanical stretch force for 0, 2, 12, 24 and 48 h, respectively. The expression levels of Piezo1 and the apoptosis-related protein caspase-12 were assessed by reverse transcription-quantitative polymerase chain reaction, as well as the apoptosis-related genes, B cell lymphoma/leukemia-2 (Bcl-2), Bcl-associated X protein (Bax) and Bcl-2-associated death promoter (BAD). Lactate dehydrogenase (LDH) activity was used to discern dead cells. Piezo1 expression was determined by immunofluorescence. In addition, Piezo1 inhibitor, GsMTx4, was used to block the mechanically activated (MA) cation channel Piezo1, and served as a positive control. The results showed that the osteoarthritis (OA)-derived chondrocytes showed a tendency to undergo late-stage apoptosis under compressive loading. Piezo1 and caspase-12 were significantly upregulated under static compressive stimuli and the expression was related to the rate of apoptosis of the OA-derived chondrocytes during compressive loading. The expression of caspase-12 and latestage apoptosis of the human OA-derived chondrocytes were repressed by GsMTx4, the specific inhibitor of Piezo1, while the expression of Piezo1 and the induction of the apoptosis of the OA-derived chondrocytes during compressive loading was not totally blocked. Thus, we conclude that Piezo1 plays an important role in the apoptosis of human OA-derived chondrocytes through a caspase-12-dependent pathway. The expression of Piezo1 protein was not totally inhibited by GsMTx4.
Introduction
Chondrocytes, cells in articular cartilage, can support mechanical loads and regulate their metabolic activities in response to mechanical loading. Chondrocytes are the only cells in cartilage and are responsible for maintaining and modeling cartilage through a homeostatic balance of anabolic and catabolic activities (1) . Under abnormal loading conditions, such as obesity, trauma, or joint instability, mechanical factors play a critical role in the onset and progression of osteoarthritis (OA) (2) . However, the mechanisms determining how OA-derived chondrocytes sense and transduce mechanical signals inducing their apoptosis remain unclear.
Recently, a novel mechanically activated (MA) cation channel named 'Piezo' was identified by Coste et al (3, 4) , which is an evolutionarily conserved ion channel family of cation-permeable proteins involved in mechano-transduction. In Drosophila, the dPiezo protein was found to be a mechanotransducer in mechanical nociception (5) . The hPiezo protein has also been reported to be a key player in cellular response to mechanical stimuli in human erythrocyte membranes and bladder urothelium, and the mutation of the hPiezo protein was found to be related to human anemia, hereditary xerocytosis and distal arthrogryposis type 5 (6) (7) (8) (9) (10) (11) (12) . hPiezo1 and hPiezo2 were identified as proteins involved in mechanosensation ion channels which have the ability to sense mechanical signals and maintain cell volume homeostasis. Studies have also shown that mechanical stimuli such as fluid shear stress, which causes lower expression of Bcl-2, leads to the apoptosis of OA-derived chondrocytes (13) (14) (15) . Chondrocytes are mechanosensation cells, thus Piezo1 may play an important role in the apoptosis of human OA-derived chondrocytes.
The endoplasmic reticulum (ER) is one type of organelle which plays an essential role in multiple cellular processes that are required for cell adaptation, apoptosis, and other cellular functions (16) . Notwithstanding, ER stress-induced apoptosis of OA-derived chondrocytes in patients with OA still remains incompletely understood. Caspases are cysteinyl aspartatespecific proteases that play a pivotal role not only in the inflammatory responses against microbial infection but also in the induction of apoptotic cell death. During these processes, caspase-12 can dampen the responses to bacterial infection, Piezo1 protein induces the apoptosis of human osteoarthritis-derived chondrocytes by activating caspase-12, the signaling marker of ER stress inhibit IL-1 and trigger pyroptosis. However, evidence is limited to prove that caspase-12 can induce the apoptosis of OA-derived chondrocytes in OA patients by mechanic stress. B cell lymphoma/leukemia-2 (Bcl-2), Bcl-associated X protein (Bax) and Bcl-2-associated death promoter (BAD) serve as the apoptosis cascade, which is closely related to the apoptosis of cells (17) (18) (19) (20) (21) . Bcl-2 is an anti-apoptosis signaling factor, which promotes cell proliferation and inhibits apoptosis through many complex pathways (17) . However, BAD is an important apopotosis factor, whose homology with Bcl-2 is restricted by BH1 and BH2 domains (21) . BAD can be activated by Bcl-xL leading to cell apoptosis by suppressing the Bcl-2 family, which acts in the function of Bax. In this study, the expression levels of Bcl-2, Bax and BAD were detected by reverse transcription-quantitative polymerase chain reaction (RT-qPCR), in order to explore the connection between mechanical stress-induced apoptosis and the Piezo1 protein.
Materials and methods
OA-derived chondrocyte culture. Human articular cartilage tissue was isolated from the knee of 20 patients suffering from OA (mean age, 40±12.5 years; 12 females and 8 males) during total knee arthroplasty from October, 2014 to December, 2015, without infections or blood diseases. The study protocol was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University, China. All patients provided informed consent according to the 2013 Helsinki Declaration (22) . Osteochondral specimens were harvested from the femoral trochlea without macroscopical fibrillation, briefly washed in phosphate-buffered saline (PBS), mixed with 400 U/ml penicillin and 0.4 mg/ml streptomycin under aseptic condition and cut into small pieces (1x1x1 mm 3 ). Then the specimens were added to 0.25% pancreatic enzymes and 0.2% collagenase II for 30 min and 4 h respectively. After that, the appropriate 10% α-minimum essential medium (α-MEM) was added to the mixture. Trypan blue staining was used to detect the viability of the OA-derived chondrocytes. The OA-derived chondrocytes were plated in 50 cm 2 cell culture flasks (Nunc, Roskilde, Denmark) at a density of 5x10 4 /cm 2 containing human OA-derived chondrocyte culture media comprised of α-MEM supplemented with 12% fetal bovine serum (FBS) (both from Hyclone, Logan, UT, USA) and 1% penicillin-streptomycin (P/S) (Invitrogen, Carlsbad, CA, USA). The cells were cultured at 37˚C with 5% CO 2 , and the medium was changed twice a week. When the cells reached 70-80% confluency, the adherent OA-derived chondrocytes were harvested using 0.25% Trypsin-EDTA (HyClone), at 37˚C for 3 min. Following passages, the cells were plated (1x10 6 cells/185 cm 2 ) in Nunclon Delta Solo flasks (Sigma-Aldrich, Darmstadt, Germany).
Viability of the OA-derived chondrocytes. The mixture containing 0.04% trypan blue in final concentration was added to the cells, and was observed under a light microscope. The viability of the OA-derived chondrocytes was calculated based on the formula: Viability (%) = living cells/(living cells + dead cells) x100%.
Application of cyclic stretch. The primary OA-derived chondrocytes were seeded in growth medium [(GM) containing 15% heat-inactivated FBS; 100 U/ml of penicillin and 100 µg/ml streptomycin (Pen Strep); as well as L-glutamine (all from Life Technologies, Carlsbad, CA, USA)] at 3x10 6 cells/well on 6-well collagen-coated BioFlex plates containing a flexible silicone elastomer substratum and grown to 80% confluence under nonstretch conditions for 3-5 days. BioFlex plates were then mounted in a Flexercell Strain Unit (both from Flexercell International, McKeesport, PA, USA) and subjected to 20% surface elongation at a frequency of 6 cycles/min, each cycle consisting of a 3-sec stretch alternating with 3 sec of relaxation with a computercontrolled vacuum stretch apparatus (FX-4000T Tension Plus System; Flexcell International). Cells were harvested after 2, 12, 24 and 48 h, respectively. Control cells (0%) were cultured on similar plates and kept in the same incubator without mechanical strain.
Analysis of dead cells. The lactate dehydrogenase (LDH) detection kit (Roche Diagnostics, Indianapolis, IN, USA) was used to monitor the activity of LDH in the OA-derived chondrocytes after 2, 12 and 48 h. One hundred microliters of the medium was discarded from each well, and then 50 µl of 2% Triton X-100 solution was added to lyse the cells. The samples were incubated in the dark for 30 min at room temperature, and then were detected by fluorescence (490 nm) using a BioTek spectrofluorometer plate reader with KC4 analysis software (BioTek, Winooski, VT, USA).
RT-qPCR.
Total RNAs were extracted with RNAiso kit (Takara, Tokyo, Japan) after 2, 12, 24 and 48 h of compressive stress, respectively. The concentration and purity of the total RNA were evaluated with a spectrophotometer. RT-qPCR was performed and analyzed to assess the expression of Piezo1 and caspase-12, using the SYBR Premix Ex Taq II kit (Perfect Real-Time; Takara) on a FTC-3000 RT-qPCR system Table I . The oligo sequences of the target genes.
Oligo name
Oligo sequence
hBAD, human Bcl-2-associated death promoter; hBcl-2, human B cell lymphoma/leukemia-2; hBax, human Bcl-associated X protein; hGAPDH, human glyceraldehyde 3-phosphate dehydrogenase; F, forward; R, reverse.
(Funglyn Biotech Inc., Toronto, ON, Canada) according to the manufacturer's instructions. The PCR primers (synthesized by Sangon Biotech, Shanghai, China) were used to amplify the genes ( Table I ). The levels of the housekeeping gene GADPH were normalized to the threshold cycle of the target genes. To evaluate Piezo1 and caspase-12 expression, the relative expression was analyzed by the comparative 2 -ΔΔCT method.
Immunofluorescence. After mechanical stimulation for 2, 12, 24 and 48 h, respectively, the cells were seeded into a 24-well plate with circle slices added. After rinsing with PBS twice, the cells were fixed with 4% paraformaldehyde (HyClone) and then permeabilized with 0.2% Triton X-100 (MP Biomedicals, Santa Ana, CA, USA) for 10 min at room temperature. BSA (5%) in PBS was used as a blocking solution to prevent nonspecific binding for 1 h at room temperature. Then, the slices were incubated with the primary antibody for Piezo1 (Cat. , was used to detect the intracellular Ca 2+ concentration, and mixed with 44.2 µl DMSO to form 1 mmol/l Fluo3-AM fluid. The Pluronic F-127 was then added into the dye solution. The mixture was diluted to 1 µmol/l before the experiment in order to keep the activity of the Fluo3-AM. The cells were harvested from the 6-well plates after 2, 12, 24 and 48 h. After being treated with GsMTx4, the specific inhibitor of Piezo1, cells were then implanted into a 24-well plate containing the appropriate size of glass-made slices. Following washing with HBSS twice, the Fluo3-AM mixture was added to the slices and incubated at 37˚C in a cell incubator for 60 min. Then the cells were washed with HBSS for 3 times and incubated with HBSS for 20 min at 37˚C in a cell incubator. Laser-scanning confocal microscope 
Results
Culture of the OA-derived chondrocytes. The OA-derived chondrocytes grew into a polygonal shape and could be stained by toluidine blue. After application of the mechanical stretch, the OA-derived chondrocytes had a tendency to arrange in a line (Fig. 1) . Within 2 h, apoptosis of the OA-derived chondrocytes was observed, and apoptotic bodies were apparent under a optical microscope (Fig. 1A) . Maximum apoptotic bodies appeared in the 24 h group (Fig. 1E) . However, after 48 h, there were less apoptotic bodies compared with that noted in the 24 h group (Fig. 1G) . The OA-derived chondrocytes were protected by GsMTX4 from mechanical-induced apoptosis (Fig. 1B, D, F 
and H).
Cell death during the stretch process. The LDH in the cells of the control groups increased slowly without statistical significance (P>0.05) and in the mechanical stretch group, the LDH release was significantly higher than that in the control group (P<0.05) (Fig. 2) . However, in the 48 h stretch group, the LDH level was lower than that in the 24 h stretch group (P<0.05). The LDH level was decreased by GsMTx4.
RT-qPCR. Piezo1, which is encoded by FAM38A, and the apoptotic-associated genes, Bcl-2, Bax and BAD, were detected using RT-qPCR, as well as caspase-12 (Fig. 3) . As shown in Fig. 3A and B, the expression of Piezo1 (encoded by FAM38A) in the 0 and 2 h group was at a low level, while the expression of Piezo1 in the 12 h group was significantly increased compared with the 0 h group (P<0.05). Under mechanical stretch for 24 h, the expression of FAM38A reached the highest level. After 48 h, the expression of Piezo1 was lower than that of the 24 h group (P<0.05), indicating that the expression of Piezo1 was a time-dependent biomarker associated with the apoptosis of OA-derived chondrocytes.
Meanwhile, expression of caspase-12, the signaling marker of ER stress, presented a similar trend (Fig. 3C) . The expression of caspase-12 was blocked by the caspase-12 inhibitor Z-ATAD-FMK (Fig. 3D) .
As shown in Fig. 3G -J, the expression of the apoptosisactivated genes Bax and BAD increased from 2 h (P<0.05), with the highest level in the 24 h group, especially compared with the 0 h group (P<0.05). The expression level of Bax and BAD in the 48 h group was less than that noted in the 24 h group (P<0.05). However, the expression of Bcl-2, a type of anti-apoptotic gene, which promotes cell proliferation was decreased in the 2 h group (P<0.05), and reached the lowest level at 24 h compared with the 0 h group (P<0.05) (Fig. 3E and  F) . In addition, the 48 h group had higher expression than the 24 h group (P<0.05). Thus, it was evident that the 48 h group had the trend of cell proliferation.
Immunofluorescence of Piezo1 in OA-derived chondrocytes.
Immunofluorescence was used to test the expression and location of the MA ion channel Piezo1 protein (Fig. 4) . From the results, it was shown that Piezo1 could be detected in the OA-derived chondrocytes, and the Piezo1 protein was located in the cell membrane and nucleus of the OA-derived chondrocytes.
Analysis of the Ca
2+ influx under mechanical stretch. The calcium in the cytoplasm increased from 2 to 24 h as shown in the Fluo3-AM staining, as well as the expression of Piezo1 and caspase-12 (Fig. 5) . During the stretch period, the light intensity of the fluorochrome of Ca 2+ was increased in a time-dependent trend, indicating that Ca 2+ acted as a second messenger between the activated Piezo1 protein and ER stress, as well as the apoptosis of the OA-derived chondrocytes (Fig. 6) . the apoptosis of the human OA-derived chondrocytes. The results showed a time-dependent apoptosis shift in response to the mechanical stretch. At 48 h after stretch force was initiated, the rate of the apoptosis of the OA-derived chondrocytes was lower than that at 24 h (Fig. 7G-J) . A time-dependent apoptosis shift could be found. The apoptosis of the OA-derived chondrocytes was not blocked by GsMTx4, a Piezo1 inhibitor, indicating that the Piezo1 pathway was not the only route causing the mechanical-induced apoptosis of the OA-derived chondrocytes. The GraphPad primer 5.0 was used to analyze the apoptosis data. Results showed that the 2 h group was characterized by the early stage of apoptotic rate with little late apoptosis (P<0.05) (Fig. 8) . The highest rate of apoptosis appeared in the 24 h group (P<0.05). Meanwhile, the late stage of apoptosis was inhibited by GsMTx4, as well as in the 12 h group (P<0.05), indicating that the activated Piezo1 protein could lead to the mechanical-induced late-stage apoptosis of the OA-derived chondrocytes, and could be inhibited by GsMTx4.
Apoptosis of the
Briefly, the model of the findings of the present study are shown in Fig. 9 .
Discussion
The novel stretch-activated ion channel (SACs), Piezo1, is expressed extensively in mammals (23) . Notwithstanding, the function of Piezo1 is still not known completely. OA is related to abnormal mechanical stress altering joint loading, such as obesity, trauma and joint instability, which lead to joint degeneration (2) . Consequently, it is meaningful that the selective mechanosensory pathway, such as TRPV4, is related with OA, and it is potentially beneficial to find a novel mechanically activated signaling pathway, such as Piezo1, for the therapy of OA (24) . It is also helpful to discover new mechanically sensitive ion channels related with the pathogenesis of OA-derived chondrocytes. In this study, we explored the role of Piezo1 in the apoptosis of OA-derived chondrocytes. Our findings found that Piezo1 plays an important role in the process of apoptosis of OA-derived chondrocytes, and the rate of OA-derived chondrocyte apoptosis was inhibited by GsMTx4, an inhibitor of Piezo1.
A previous study exploring the connection between mechanical forces and the apoptosis of myoblast cells, found that the stretching pattern could induce the apoptosis of the cells (25) , but to date the mechanism of stretch-induced apoptosis of OA-derived chondrocytes remains unclear. In the present study, we hypothesized that the mechanical force could activate Piezo1, further resulting in the apoptosis of OA-derived chondrocytes during the progression of OA.
In this study, we monitored the expression levels of Piezo1 and apoptosis-associated genes, including Bcl-2, Bax and BAD, using RT-qPCR after mechanical-induced apoptosis of human OA-derived chondrocytes from OA patients. The apoptotic rate in the 48 h group was lower than that in the 24 h group, as well as the expression of Piezo1, caspase-12, Bax and BAD. However, the expression of Bcl-2, an anti-apoptosis and cell proliferation gene (26) , was higher in the 48 h group than that noted in the 24 h group (P<0.05), indicating that appropriate mechanical stretch increased the expression of Bcl-2 gene at least for 48 h, which aided cell proliferation. Nevertheless, the exact mechanism of these findings still needs elucidation. We also found that the expression of Piezo1 and the apoptosis of the OA-derived chondrocytes in the 24 h group were both higher than that of the 0 h group, which indicated that Piezo1 plays an important role in the mechanical-induced apoptosis of OA-derived chondrocytes, and may serve as a possible target for the treatment of OA, especially for patients suffereing traumatic arthritis.
A previous study found that the divalent ion Ca 2+ was the main influx ion which could get through human Piezo1 channels (27) . There is evidence that Ca 2+ influx can be influenced by L-type 
Ca
2+ voltage-gated channels after mechanical staining (1) . In this study, we found that the level of the calcium load in the cytoplasm of the OA-derived chondrocytes was increased with the higher rate of apoptosis of the OA-derived chondrocytes; the level of calcium load in the 24 h group was higher than that in the 0 h group (P<0.05). It is meaningful to speculate that Ca 2+ can act as a second messenger between activating Piezo1 and the apoptosis of OA-derived chondrocytes. Recent research reported that the L-type calcium channel blocker could protect cartilage from apoptosis in OA patients (28) . The function of Piezo1 is similar to that of L-type calcium channel, so that excessive Ca 2+ loading in OA-derived chondrocytes impacts the apoptotic equilibrium through the Piezo1 channel.
Some studies have shown that ER stress is associated with apoptosis of chondrocytes in patients with OA (29, 30) . The caspase family of proteins can be activated by ER stress, especially caspase-12, a murine protein associated with the ER membrane. However, it is controversial whether caspase-12 plays an important role in ER stress-induced apoptosis in humans (31) (32) (33) . Results of this study confirmed that caspase-12 was activated by ER stress, resulting in induced apoptosis of human OA-derived chondrocytes. We also found that Piezo1 induced the apoptosis of the OA-derived chondrocytes through ER stress. In this way, Piezo1 protein could be regarded as a potential therapeutic target for helping to inhibit the apoptosis of chondrocytes, especially for OA patients. A Figure 8 . Results of the early stage of apoptosis of the osteoarthritis (OA) chondrocytes at 0, 2, 12, 24 and 48 h and the GsMTx4 group. After 2 h of mechanical stretch, the rate of the early-stage apoptosis was increased significantly. After 12 h of mechanical stretch, the late-stage apoptotic rate was increased and in the 24 h group, the late-stage apoptotic rate was the highest; while in the 48 h group, the late-stage apoptotic rate was lower than the 24 h group. Results represent mean ± SD. NS, not significant at P>0.05, the mechanical stretch group vs. the blank group; specific blocker for Piezo1 may be useful for articular degeneration.
Although the exact mechanism of the Piezo protein and the specific blocker are not clear, the architecture of the mammalian mechanosensitive Piezo1 channel has been clarified (34) . Cryo-electron microscopy has been used to determine the structure of the mouse Piezo1 and explore the trimeric propeller-like chemical compound. A compound named Yoda1 was found to act as an agonist for human Piezo1 (35) . Novel specific inhibitors for Piezo1 which are not harmful to humans warrant further study.
